I. INTRODUCTION
Metamaterials are engineered micro-structural assemblies that exhibit unique properties not observed in nature or in their constituent materials
1 . An important characteristic of acoustic metamaterials is their ability to tailor the propagation of elastic waves through bandgaps − frequency ranges of strong wave attenuation. Bandgaps are either the result of wave scattering at periodic impedance mismatch zones (Bragg scattering) 2 , or can be generated by resonating units within the medium 3 . While Bragg-type bandgaps have been successfully exploited in phononic crystals to filter, localize and guide acoustic waves 4 , locally resonant metamaterials are capable of generating low frequency attenuation zones 3 which have been primarily exploited for vibration and noise radiation control applications 5, 6 .
Most of the metamaterial configurations proposed so far operate at fixed frequency ranges and it is often impractical, if not impossible, to tune and control their bandgaps after the assembly of the system. In an effort to design tunable materials, it has been shown that Braggtype bandgaps can be controlled through changes in the periodic modulation of impedance mismatch within the medium [7] [8] [9] , while in locally resonant metamaterials tuning of functionalities is typically achieved by controlling the natural frequency of the resonating units 5,10,11 .
However, these approaches require either a significant amount of energy for actuation which can seriously compromise the major functionality of the structure, or complex hardware architectures which hinder their implementation.
Inspired by the ability of many living organisms, including fishes, insects and bacteria of sensing the surrounding fluid environment to direct their response 12-14 , here we report on a new acoustic metamaterial which exploits fluid-structure interactions to self-regulate its wave propagation characteristics. We consider a locally resonant metamaterial comprising an elastic beam and a periodic array of airfoil-shaped mechanical resonators bonded along its length. The airfoils generate strong attenuation in the beam at frequencies that depend both on their mechanical properties and the speed of the incident fluid flow. Therefore a flow impinging on the system provides the enabling mechanism to alter the bandgaps of the system and achieve unusual wave mechanics. This concept can be considered as an example of an adaptive locally resonant metamaterials capable of self-regulating its dispersion properties in response to variations in the local environment.
II. CONCEPT AND MATERIALS
The considered acoustic metamaterial (Fig. 1a) consists of an aluminum beam of thickness t=1.27 mm and width w=2.54 mm with a periodic arrangement of six airfoil resonators (Fig. 1b) equally-spaced along its length (60 mm apart). The resonating units comprise a flap 
III. AEROELASTIC RESPONSE OF THE RESONATING UNIT
The coupled aero-elastic behavior of the system, although well understood 15 , is investigated here both numerically and experimentally to provide insights into the self-regulating mechanism of the metamaterial.
We consider a single aerodynamic resonator with mass m a and polar moment of inertia I a which is connected to the primary structure through a flexible bender hinged at the flap's midspan (Fig. 1b) . The bender is modeled as a linear spring with elastic constant
, L b and EI b being the length and bending stiffness of the bender, respectively (Fig. 1b) . A torsional spring with stiffness k θ is introduced to account for any mechanical interference in the hinge. Denoting with θ(t) and h(t) the pitch and plunge degrees of freedom of the flap (Fig. 1b) , the governing equations of the system are obtained as:
where b, e and a respectively define the semi chord, center of mass and pivoting point of the flap (Fig. 1b) . Moreover, L and M denote the aerodynamic lift force and moment acting on the airfoil. Here, the classical finite-state induced flow theory by Peters et al. 16 is used to approximate the unsteady aerodynamic loads of the inviscid, incompressible flow. The force and moment acting on the aerodynamic surface are given by
where ρ ∞ = 1.225 kg/m 3 is the free stream air density, s the airfoil span, and λ is a vector containing the N p = 6 induced flow terms λ n (n = 1, . . . N p ). The evolution of the state vector λ(t) is expressed in terms of N p first-order ordinary differential equations as
where A, b and c denote arrays of known coefficients 16 . Substituting Eqs. (2) and (3) into Eq. (1) and introducing the state vector
the governing equations of the aeroelastic system can be conveniently rewritten in state space form asẏ
The effect of the air speed V ∞ on the natural frequencies of the system is investigated calculating the eigenvalues of Γ(V ∞ ).
Results of this analysis are shown in Inc.) which is manually set to operate at a given airspeed. The beam is clamped at one end and free to vibrate at the opposite end (see Fig. 3a ). An electrodynamic shaker (model indicate that the system features two distinct frequency bandgaps, identified by peaks of the attenuation constant and corresponding valleys of the transmission coefficient. These occur in the vicinity of the pitch and plunge resonance frequencies of the corresponding airfoils shown in Fig. 2a , confirming the locally-resonance nature of the attenuation regions.
Remarkably, because of the modal behavior of the resonating unit, an increase in V ∞ results in a shift of the bandgaps frequencies, which gradually approach each other. These results clearly demonstrate the self-regulating properties of the structure whose bandgaps autonomously adapt to different flow speeds. The analysis is conducted up to a maximum speed V ∞ =14 m/s after which the model predicts the onset of a flutter instability of the airfoils. Interestingly, for this value of V ∞ the two bandgaps of the system merge in a single broad attenuation region centered at ∼35 Hz (see Fig.3b ).
To demonstrate the robustness of the proposed concept, in Figs by the numerical analysis, which also coincide with the natural frequencies associated with the pitch and plunge motion of the airfoils (Fig.2b) .
Although this study is conducted on a one-dimensional configuration realized at the centimeter scale, the proposed concept has the potential to be extended to arbitrary twoand three-dimensional configurations and to a broader range of length scales. In particular,
in Fig. 4 we investigate numerically the relationship between the resonance frequency of the airfoils, their overall length scale and the incident airspeed V ∞ . Since the aerodynamic model adopted in this study assumes an inviscid and irrotational flow 16 , our analysis correctly captures the response of systems characterized by Reynolds numbers (Re) approximately greater than 100 (i.e. Re > 10 2 ). Remarkably, our results indicate that the flow regime remains inviscid and irrotational even when the overall size of the system is reduced at the sub-millimeter length scale, although this will inevitably affect its frequency range of operation. 
V. CONCLUDING REMARKS
We have investigated fluid-structure interactions in locally resonant materials and shown how they can be exploited to design structures with self-regulating dispersion properties.
Our results demonstrate that the airspeed impinging on the system provides an effective mechanism to autonomously alter its bandgaps frequency ranges without resorting to additional stimuli. This intriguing dynamic behavior is enabled by the use of airfoil-type resonating units that behave as aeroelastic systems subjected to modal convergence. A combination of numerical and experimental analyses is used to illustrate the concept and to gain insights into the correlation between the aeroelastic behavior of the resonators and the dynamic properties of the periodic system.
By harnessing fluid-structure interactions, we expand the capabilities of existing acoustic bandgap materials and design systems capable of sensing the surrounding environment and change their dynamic response accordingly. This concept has the potential to dramat-ically impact a variety of applications, such as robotics, civil infrastructures, and defense systems. For example, the proposed mechanism can lead to the design of sustainable and self-regulating vibration suppression devices capable of autonomously tracking and controlling the dynamic response of structures over a broad range of operative conditions. Furthermore, the growing opportunities offered by novel micro-fabrication techniques allows its integration with other micro-scale devices leading to complex hierarchical systems capable of self-responding to local environmental variations. Finally, the possibility of extending the concept to two-and three-dimensional configurations, promises the development of novel self-adaptive coatings for stress wave management applications.
